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For preparing porous alumina ceramics with desired shapes easily, a simple and low-cost technique combining 
cold-drying and sintering was explored. The optimal temperature for preparing the porous alumina ceramics is 
1350 °C The contents of CaC0 3 -Si0 2 and dextrin in the green body have great effects on the properties of porous 
alumina ceramics. Due to a uniform microstructure and small pore size, the porous alumina ceramics prepared 
from the green body with 8 wt.% CaC0 3 -Si0 2 show higher flexural strength and porosity. As the dextrin in the 
green body increases from 5 to 25 wt.%, the flexural strength decreases from 1 07 to 45 MPa with the porosity 
increasing from 36 to 54%. 

© 2013 Elsevier Ltd. All rights reserved. 



1. Introduction 

Recently, increasing attention has been attracted by porous ce- 
ramics because of their expanding technological applications in a 
wide range of fields [1-9], especially for separation materials [3,4], 
catalyst supports [5,6], and implantable bioceramics [7,8]. Due to 
their low density, good thermal conductivity, chemical durability 
and refractoriness, porous alumina ceramics have been frequently 
used at high temperature environments and under severe chemical 
conditions [4-6,8,9]. Sintering is a conventional preparation method 
for preparing porous alumina ceramics, and cold-pressing is the 
most common technique to prepare the green body. However, cold- 
pressing is suitable only for preparing ceramics with simple shapes. 
In order to make porous alumina ceramics possess a desired shape, 
grinding is a necessary remachining technique which involves high 
expense and is difficult to operate. 

Various advanced routes have been developed to prepare porous 
alumina ceramics, such as gelcasting [9-12], freezing [13-15], ice 
templating [16], and direct forming [17]. In the present paper, for 
preparing porous alumina ceramics with desired shapes easily, a 
simple and low-cost technique combining cold-drying and sintering 
was explored. The effects of the preparation parameters on the micro- 
structure, porosity and flexural strength of the porous alumina ceramics 
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are studied in detail, and the optimal preparation parameters are 
discussed. 

2. Experimental 

2.1. Preparation process 

Alumina powder (a ratio > 99.9 wt.%, mean grain size of 3 um) was 
mixed with CaC0 3 (analytically pure, mean grain size of 40-50 nm), 
dextrin and silica sol (Si0 2 = 30 ± 1 wt.%, Na0 2 < 0.3 wt.%, Si0 2 
mean grain size of 8-15 nm), and then the mixture was placed in dis- 
tilled water and ball milled (rotation speed of 180 r/min, revolution 
speed of 200 r/min) for 10 h into a slurry. The slurry was poured into 
rectangular A1 2 0 3 moulds with cavity dimensions of 5 mm x 10 mm x 
50 mm, and then put together with the A1 2 0 3 moulds into a closed con- 
tainer. At 3-5 °C, the slurry in the A1 2 0 3 moulds turned into green bodies 
by keeping the pressure in the container lower than 2 kPa for 24 h. Final- 
ly, the green bodies were taken out and pre-oxidized in air at 800 °C for 
5 h, and then sintered into porous alumina ceramics at 1200, 1250, 
1300, 1350 and 1400 °C respectively for 2 h. 

In the above preparation process, the dextrin in the slurry plays 
two roles, one is the viscosity regulator of the slurry, and the other 
is acting as the pore-forming agent of the ceramics during pre- 
oxidation process. By changing the proportions of the different com- 
ponents and distilled water in the raw mixture, the dynamic viscosity 
of the slurry is controlled at 0.8-0.9 Pa • s which is suitable for slip 
casting [18]. In the green body, the mole ratio of CaC0 3 and Si0 2 
was 1:1, the content of CaC0 3 -Si0 2 was defined respectively at 4, 8, 
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12 and 16 wt.%, and the content of dextrin was controlled respective- 
ly at 5,10,15, 20 and 25 wt.%. 

2.2. Characterization and tests 

The microstructure was observed by using scanning electron mi- 
croscopy (JSM-6360LV, Electronics Co., Ltd., Japan). The porosity and 
the density were measured by using the Archimedes method. The 
pore size distributions were measured by a mercury porosimeter 
(Poremaster 33, Quantachrome Instruments Co., Boynton Beach, FL, 
USA). Phase analysis was conducted by X-ray diffraction (XRD) 
using a powder test method, via a computer-controlled diffractome- 
ter (X'Pert Pro, Philips, Netherlands). Using a CMT4204 instrument 
(Jiehu Instrument Co., Ltd. Shanghai, China), the flexural strength of 
the specimens with a dimension of 3 mm x 4 mm x 40 mm were 
evaluated via the three-point bending test with a support distance 
of 30 mm and at a loading speed of 0.05 mm/min. Before flexural 
strength testing, the specimens were polished with a 0.5 um diamond 
paste as a final polishing step, and then ultrasonically cleaned in ace- 
tone and air-dried. 

For the convenience of the following discussion, the porous alumi- 
na ceramics prepared from the green body with different contents of 
CaC0 3 -Si0 2 and dextrin are named as Al 2 0 3 -m-n (m stands for the 
content of CaC0 3 -Si0 2 , n stands for the content of dextrin). 

3. Results and discussion 

Porosity and flexural strength are two important properties of po- 
rous ceramics, which are strongly influenced by the sintering temper- 
ature [19]. Generally, after sintering at high temperature, the porous 
ceramics obtain high flexural strength because of good sintering but 
get relatively low porosity due to large shrinkage [20]. If the sintering 
temperature is low, the porous ceramics show bad flexural strength 
due to inadequate sintering. For preparing porous alumina ceramics 
with high flexural strength and high porosity at the same time, the 
first thing is to determine the optimal sintering temperature. 

Fig. 1 shows the XRD patterns of the porous alumina ceramic 
sintering at different temperatures from the green body with 
16 wt.% CaC0 3 -Si0 2 . In spite of the peaks of the primary phase of 
a-Al 2 0 3 , the other phases change gradually with the sintering tem- 
perature rising. When the sintering temperature is 1200 °C, the 
peaks of CaO and Si0 2 can be seen clearly in the XRD pattern. As the 
temperature rises, the peaks of CaO and Si0 2 disappear slowly, and 



the peaks of Ca 2 Al 2 Si0 7 appear gradually. Ca 2 Al 2 Si0 7 is a solid solu- 
tion phase existing among alumina grains which decides the sintering 
of the porous alumina ceramics [21,22]. Except for the peaks of alumi- 
na, there are only peaks of Ca 2 Al 2 Si0 7 in the XRD pattern when the 
temperature is higher than 1350 °C, which indicates a complete 
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Fig. 1. XRD patterns of the porous alumina ceramic sintering at different temperatures 
from the green body with 16 wt.% CaC0 3 -Si0 2 . 



Fig. 2. (a) Volume shrinkage, (b) porosity and (c) flexural strength of porous alumina 
ceramics as functions of CaC0 3 -Si0 2 content in the green body. 
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reaction of CaO and Si0 2 . Accordingly, 1350 °C is the optimal 
sintering temperature for preparing porous alumina ceramics. 

Fig. 2 shows the volume shrinkage, porosity and flexural strength 
of porous alumina ceramics as functions of the CaC0 3 -Si0 2 content in 
the green body. During the sintering process, the CaO and Si0 2 react 
with alumina grains and form Ca 2 Al 2 Si0 7 which is the liquid phase 
at elevated temperatures [21,22]. With the help of the reaction-derived 
liquid Ca 2 Al 2 Si0 7 at elevated temperatures, the alumina grains are 
dragged close to each other. The more the CaC0 3 -Si0 2 content in the 
green body, the more Ca 2 Al 2 Si0 7 is produced, and the closer the alumi- 
na grains are dragged together, so the volume shrinkage of porous alu- 
mina ceramics increases with the content of CaC0 3 -Si0 2 in the green 
body increasing, as shown in Fig. 2(a). Due to the increase of volume 
shrinkage, the porous alumina ceramics decrease in porosity with 
the content of CaC0 3 -Si0 2 in the green body increasing, as shown in 
Fig. 2(b). Take Al 2 O 3 -nl0 as an example, as the content of CaC0 3 -Si0 2 
in the green body increases from 4 to 16 wt.%, Al 2 0 3 -nlO increases in 
volume shrinkage from 5 to 1 7% and decreases in porosity from 49 to 
36%. 

In the green body, the dextrin exists among the alumina grains, 
and the distance between the alumina grains gets larger with the 
dextrin content in the green body increasing, so the porosity of po- 
rous alumina ceramics increases with the dextrin content in the 
green body increasing, as shown in Fig. 2(b). On the other hand, the 
distance between the alumina grains decreases because of the drag- 
ging effect of the reaction-derived liquid Ca 2 Al 2 Si0 7 during the 
sintering process, and the dragging effect becomes obvious with the 
distance between the alumina grains increasing. Therefore, the vol- 
ume shrinkage of porous alumina ceramics increases with the dextrin 
content in the green body increasing, as shown in Fig. 2(a). 

At elevated temperatures, the liquid Ca 2 Al 2 Si0 7 on the surface of 
the alumina grains promotes the sintering of porous alumina ce- 
ramics, so the flexural strength of porous alumina ceramics increases 
with the content of CaC0 3 -Si0 2 in the green body increasing from 4 
to 12 wt.%, as shown in Fig. 2(c). However, too much CaC0 3 -Si0 2 in 
the green body produces excessive Ca 2 Al 2 Si0 7i the flexural strength 
of which is lower than that of the alumina grains, and excessive Ca 2 _ 
Al 2 Si0 7 also causes exaggerated growth of alumina grains, so the flex- 
ural strength of porous alumina ceramics decreases on the contrary as 
the CaC0 3 -Si0 2 content in the green body increases from 12 to 
16 wt.%. Take Al 2 0 3 -nlO as an example, the flexural strength in- 
creases from 53 to 101 MPa with the content of CaC0 3 -Si0 2 increas- 
ing from 4 to 12 wt.%, and then decreases to 91 MPa as the content of 



CaC0 3 -Si0 2 further increases to 16 wt.%. In addition, because of the 
increase of porosity, the porous alumina ceramics decrease in flexural 
strength with the dextrin content in the green body increasing. Take 
Al 2 0 3 -ml2 as an example, the flexural strength of porous alumina ce- 
ramics decreases from 120 to 85 MPa with the dextrin content in the 
green body increasing from 5 to 1 5 wt.%. 

Fig. 3 shows the XRD patterns of the porous alumina ceramic 
sintering at 1350 °C from the green body with a different CaC0 3 - 
Si0 2 content. As can be seen, the peaks of Ca 2 Al 2 Si0 7 increase with 
the CaC0 3 -Si0 2 content in the green body increasing from 4 to 
16 wt.%, and the peaks of Ca 2 Al 2 Si0 7 are apparent when the CaC0 3 - 
Si0 2 content in the green body is higher than 8 wt.%. According to 
the results shown in Figs. 2 and 3, the suitable content of CaC0 3 - 
Si0 2 in the green body is in the range of 8-12 wt.%. 

Fig. 4 shows the porosities of Al 2 0 3 -m8 and Al 2 0 3 -ml2 fabricated 
from the green bodies with a different dextrin content. As the dextrin 
content in the green body increases from 5 to 25 wt.%, the porosity of 
Al 2 0 3 -m8 and Al 2 0 3 -ml2 increases respectively from 36 to 54% and 
34 to 46%. As known from the results shown in Fig. 4, the porous alu- 
mina ceramics prepared from the green bodies with 12 wt.% CaC0 3 - 
Si0 2 show higher porosity than that of the ones prepared from the 
green bodies with 8 wt.% CaC0 3 -Si0 2 . Therefore, the porosity of po- 
rous alumina ceramics may be increased theoretically by decreasing 
the CaC0 3 -Si0 2 content or increasing the dextrin content in the 
green body. However, these two approaches have totally different ef- 
fects on the microstructure and pore size of porous alumina ceramics. 

Take the porous alumina ceramics with the same porosity as ex- 
ample, Fig. 5 shows the micrographs of Al 2 O 3 -m8-nl0 and A1 2 0 3 - 
ml2-nl5. As can be seen, the pores in Al 2 O 3 -m8-nl0 and A1 2 0 3 - 
ml2-nl5 exist among the alumina grains and distribute evenly 
throughout the whole sample, but the microstructures of A1 2 0 3 - 
m8-nl0 and Al 2 0 3 -ml2-nl5 are much different from each other. Ex- 
cessive Ca 2 Al 2 Si0 7 causes exaggerated growth of alumina grains, so 
the alumina grains in Al 2 0 3 -ml2-nl5 are bigger than those in 
Al 2 O 3 -m8-nl0. For this reason, the pores among the alumina grains 
in Al 2 0 3 -ml2-nl5 are much bigger than those in Al 2 O 3 -m8-nl0. As 
a whole, the microstructure of Al 2 O 3 -m8-nl0 is more uniform than 
that of Al 2 0 3 -ml2-nl5. 

Fig. 6 compares the pore size distribution patterns of Al 2 0 3 -m8- 
nlO and Al 2 0 3 -ml2-nl5. The pore size distributions were measured 
by a mercury porosimeter. During the measuring process, the pres- 
sure for the mercury intruding into the porous alumina ceramics 
increases with the pore size of the porous alumina ceramics 
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Fig. 3. XRD patterns of the porous alumina ceramic sintering at 1350 °C from the green 
body with different CaC0 3 -Si0 2 content. 



Fig. 4. Porosities of Al 2 0 3 -m8 and Al 2 0 3 -ml2 fabricated from the green bodies with 
different dextrin content. 
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Fig. 5. Micrographs of (a) Al 2 O 3 -m8-nl0 and (b) Al 2 0 3 -ml2-nl5. 



decreasing, so the pore size distribution is just the variation of the 
amount of mercury intrusion. As shown in Fig. 6, the pore size for 
mercury intruding into Al 2 0 3 -ml2-nl5 is obviously larger than that 
of mercury intruding into Al 2 O 3 -m8-nl0, which means the pore 
size of Al 2 0 3 -ml2-nl5 is much larger than that of Al 2 O 3 -m8-nl0. 
And, the pore size distribution pattern of Al 2 O 3 -m8-nl0 is narrow 
and the pore size mainly concentrates upon 0.4-2 jum, while the 
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Fig. 6. Pore size distribution patterns of (a) Al 2 O 3 -m8-nl0 and (b) Al 2 0 3 -ml2-nl5. 
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Fig. 7. Flexural strength of Al 2 0 3 -m8 and Al 2 0 3 -ml2 as functions of porosity. 

pore size distribution pattern of Al 2 0 3 -ml2-nl5 is relatively wide 
and the mean pore size is ranging from 1 to 4 um. 

Fig. 7 shows the flexural strength of Al 2 0 3 -m8 and Al 2 0 3 -ml2 as 
functions of porosity. The flexural strength of these two porous alu- 
mina ceramics both decrease with the porosity increasing. The flexur- 
al strength of Al 2 0 3 -m8 decreases from 107 to 45 MPa with the 
porosity increasing from 36 to 54%, while the flexural strength of 
Al 2 0 3 -ml2 decreases from 120 to 53 MPa with the porosity increas- 
ing from 34 to 46%. As known from Figs. 5 and 6, the porous alumina 
ceramics with the same porosity but prepared from the green body 
with different contents of CaC0 3 -Si0 2 and dextrin show much differ- 
ent microstructures and pore size distributions. These differences in- 
fluence greatly the flexural strength of the porous alumina ceramics. 
As shown in Fig. 7, although the porosity of Al 2 0 3 -m8 is higher than 
that of Al 2 0 3 -ml2, Al 2 0 3 -m8 still possesses a higher flexural strength 
than that of Al 2 0 3 -ml2 due to its uniform microstructure and small 
pore size. 



4. Conclusions 

Porous alumina ceramics with high porosity and good flexural struc- 
ture were prepared by a simple and low-cost technique combining 
cold-drying and sintering. The sintering temperature and the contents 
of CaC0 3 -Si0 2 and dextrin in the green body are three key factors 
influencing the properties of porous alumina ceramics. For preparing 
porous alumina ceramics with high porosity and flexural strength, the 
optimal sintering temperature is 1350 °C, and the optimal content of 
CaC0 3 -Si0 2 in the green body is 8 wt.%. As the dextrin in the green 
body increases from 5 to 25 wt.%, the flexural strength of Al 2 0 3 -m8 
decreases from 107 to 45 MPa with the porosity increasing from 36 to 
54%. The porous alumina ceramics combine high porosity and good 
mechanical property, therefore proving themselves as promising struc- 
tural/functional materials. 
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